ABSTRACT: Adsorption isotherms of hexane and benzene were measured on silicas with chemically bonded polyfluoroalkyl groups and the thermodynamic characteristics of the adsorption of n-alkanes, benzene and alkylbenzenes on the same materials studied at zero coverage by gas chromatography (GC). The prepared polyfluoroalkylsilicas were also investigated by IR spectroscopy over the spectral range 6000-2000 cm -1 when it was shown that the residual SiOH groups on the silica surface do not take part in the adsorption process as the attached organic groups effectively screen them. The polyfluoroalkylsilicas exhibited an extremely low adsorption potential and high polarity relative to unmodified alkylsilicas. The specific surface areas of the chemically modified silicas could be evaluated by comparison of their GC entropy values with those calculated from an ideal twodimensional gas model.
INTRODUCTION
Many modern technological processes such as the preparation of sorbents for ecological requirements, the development of new stationary phases for chromatography and various energy-saving techniques (Lisichkin 1986; Yoshino et al. 1993 Yoshino et al. , 1998 require both hydrophobic and oleophobic materials. For this reason, fluorine-containing materials including silicas modified with fluorinated groups have attracted the attention of research workers. Thus, it has been shown that polyfluoroalkylsilicas may be used as bacteriological and lyophobic surface modifiers for dental materials (Yoshino et al. 1993 (Yoshino et al. , 1998 whilst investigations of water intrusion-extrusion have been made with porous silicas containing alkyl and polyfluoroalkyl groups (Fadeev and Eroshenko 1995) . It has been noted the polyfluoroalkylsilicas typically exhibit a high hydrophobicity.
Investigations of the surface properties of materials using adsorption techniques provide knowledge of their possible fields of application as well as the working parameters for new sorbents and traditional systems. Gas chromatography (GC) studies at close to zero surface coverage provide further detailed information regarding the adsorption mechanism and disclose the nature of the molecular interactions involved in the adsorption process. However, only a relatively small number of studies have been devoted to investigations of chemically modified silicas by adsorption measurements, with data on fluorine-containing silicas being particularly scarce (Monde et al. 1997; Roshchina et al. 1999 ).
The present study is a continuation of a series of publications (Roshchina et al. 1999) devoted to the study of the surface chemistries of polyfluoroalkylsilicas and alkylsilicas and the adsorption mechanisms of n-alkane and alkylbenzene on such surfaces employing static techniques, IR spectroscopy and GC methods.
EXPERIMENTAL

Materials
Unmodified silica (Silochrome C-120, Stavropol, Russia) as well as silicas modified with morpholine derivatives were studied. The synthesis of such modified silicas and some of their GC characteristics have been described elsewhere (Roshchina et al. 1999) . The notations of the samples studied in the present work together with some of their characteristics are listed in Table 1 . The specific surface areas (S, m 2 /g) of the modified silicas were assumed to be equal to the specific surface area of unmodified silica, the latter being obtained by application of the BET method to the nitrogen adsorption isotherms measured at 77 K . The model sorbents employed were polym ethylsiloxane stationar y phase OV-1 (10% on Gas-Chrom Q, USA), polymethylfluoroalkylsiloxane OV-210 (10% on Chromaton N, Russia), Carbopack C HT (Supelco, USA) with surfaces consisting essentially of graphite crystal basal planes (S = 8.7 m 2 /g) as well as a fluorinated carbon of formula (CF) n (S = 190 m 2 /g). The test adsorbates used were saturated and aromatic hydrocarbons of analytical grade as purchased from Reakhim, Russia.
Gas chromatography
Gas chromatographic analyses were performed using Chrom-5 (Czech Republic) and Tsvet-100 (Russia) instruments fitted with a flame ionization detector employing high purity helium or nitrogen as the carrier gases (flow rate, F = 10-20 cm 3 /min). The columns employed were of glass (0.5-1.2 m × 2; 2.5 mm i.d.). All samples were subjected to preliminary heating at 453 K for 20-30 h in a helium flow. using T = 400 K (the average measurement temperature) and R = 8.314 J/(mol K). Concentrations of 1 mmol/cm 3 and 1 mmol/m 2 were chosen as standard states for the vapour and adsorbed phases, respectively. Furthermore, the specific surface areas of the chemically modified silicas (S*, m 2 /g) were estimated as follows (Lopatkin 1998):
where DS 0 * was derived from the temperature dependencies of the adsorption volumes V g (cm 3 /g) whereas DS 0 calc values were calculated using equation (1) 
Adsorption measurements
The adsorption isotherms for benzene and hexane were investigated for unmodified silica, alkylsilica (C 16 ) and polyfluoroalkylsilicas (C 6 F 13 , C 3 F 7 ) using a McBain balance at 298 K.
IR spectroscopy
Diffuse reflectance IR spectra of the powdered polyfluoroalkylsilicas (C 6 F 13 , C 3 F 7 ) were measured over the 6000-2000 cm -1 spectral range using a Protegé Nicolet (USA) FT-IR spectrometer as described by Kustov et al. (1981) . The polyfluoroalkylsilica samples were subjected to preliminary heating for 12 h at 473 K in a helium flow and then for 10 h at 423 K in a vacuum. All the IR spectra obtained were processed using the OMNIC Ó program package.
RESULTS AND DISCUSSION
The adsorption isotherms for n-hexane on the initial silica and on silicas with alkyl (C 16 ) and perfluoroalkyl (C 6 F 13 , C 3 F 7 ) groups are depicted in Figure 1 . It will be noted that the hexane adsorption values showed little change on silica surfaces with grafted alkyl groups but that these values decreased dramatically when the silicas were modified with perfluoroalkyl groups, with the smallest values being exhibited by short-chain polyfluoroalkylsilica (C 3 F 7 ). The oleophobicity of the latter sample was so high that to within the measurement sensitivity employed no adsorption occurred up to P/P s = 0.5. The GC retention volumes and the heats of adsorption of various n-alkanes are listed in Table 2 . From the data given, it will be seen that the retention volumes of the n-alkanes changed in the order: SiO 2 @ C 16 > C 8 >> C 6 F 13 > C 3 F 7 , in accordance with the adsorption measurement results. Investigations of the octylsilica sample (C 8 ) enable a comparison of alkyl-and polyfluoroalkylsilicas with similar length carbon chains, although it should be noted that the attached polyfluoroalkylsilica C 6 F 13 groups actually contained 9 carbon atoms (see Table 1 ). As shown in Table 2 , on passing from the C 8 sample to the C 6 F 13 sample, a significant decrease was observed in both the n-alkane retention volumes and in the contribution of the methylene units to the ln V a values -the latter parameter being usually taken as a measure of the dispersion forces. Indeed, the drop in these values is more pronounced than the difference between alkylsilicas whose carbon chain lengths differ by a factor of two (e.g. C 8 and C 16 ).
The n-alkane retention values for the other materials studied as stationary phases [polymethylsiloxane OV1, polymethylfluoroalkylsiloxane OV-210, Carbopack C HT and fluorinated carbon (FC)] are also listed in Table 2 . Despite the difference in the mechanism of interaction between the test molecules and a sorbent on the one hand and a liquid phase on the other hand (as well as the difference in the relative content of fluorine atoms), the presence of fluorine atoms in all the materials, including the modified silicas, resulted in a decrease in the energy of the dispersion interactions relative to those for the non-fluorinated analogues.
The heats of adsorption and the contribution of the methylene units towards the heat of adsorption also change in the same order as the retention volumes (see Table 2 ). Indeed, the heats of adsorption for polyfluoroalkylsilica C 3 F 7 were so low that these values are close to the heats of dissolution of the n-alkanes in the OV-1 and OV-210 liquid phases, being only slightly higher than the heats of condensation of the n-alkanes.
Although a substantial difference exists between the retention values (V a ) for n-alkanes on C 16 and C 8 silicas, their corresponding heats of adsorption were very close to each other. This suggests that the adsorption entropy should be analyzed more carefully for the modified silicas. Such adsorption entropies were calculated both from the experimental data and from equation (1) which is based on an ideal two-dimensional gas model for the adsorption state (non-localized adsorption) ( Table 3 ). The adsorption entropies for n-alkanes starting from heptane are noticeably lower than the values calculated using the model of a two-dimensional gas. If it is assumed that n-alkane molecules can penetrate a grafted layer by 'dissolving' and 'swimming' like 'fish' in the latter, then it would be possible to connect the decrease in the value of DS 0 with the diminution in the rotational component of the adsorption energy. Immobilization of the internal rotation in the adsorbed state would become more significant as the n-alkane chain length increased, thereby suggesting a reason for the decrease in the rotational contribution. In most cases, the values of the n-alkane adsorption entropies were comparable for the initial silica and the modified silicas. Taking into account the rigid nature of the solid silica matrix, the low values of the adsorption entropy could be explained by the molecular scale roughness of the solid surface. It has been shown (Lopatkin and Shonia 1999) that the best coincidence between the experimental values for the n-alkane adsorption entropy as determined on silica and those calculated using the two-dimensional gas model was achieved at a temperature equal to 0.7-0.8 of the critical temperature of the n-alkane. In our GC measurements, the average temperature employed was ca. 0.8 of the critical temperature of hexane and, as can be seen from the data in Table 3 , the experimental and calculated data for hexane are very close.
If the model of the ideal two-dimensional gas is valid for the adsorbed state, it is possible (Lopatkin 1998) to evaluate the specific surface area of an adsorbent by comparing the values calculated from the model with those obtained from the temperature dependence of the adsorption volume V g (cm 3 /g). At ~400 K, it is probable that pentane and hexane are the n-alkanes most suitable for studying alkyl-and fluoroalkyl-silicas (see data in Table 3 ). The specific surface areas as calculated via the use of equation (2) for the hexane or pentane adsorption data are presented in Table 1 . The difference between these values and those evaluated on the basis of carbon analysis is less than 20% (Table 1) . Thus this approach may be used for evaluating the specific surface areas of modified silicas. This is important since traditional approaches (nitrogen or benzene adsorption) do not always give reliable results because of difficulties in the determination of the molecular area in the dense monolayer, w m (Dubinin 1985) .
Unlike n-alkane molecules, aromatic hydrocarbons are capable not only of dispersion interactions but also hydrogen-bond formation. The corresponding benzene adsorption isotherms are depicted in Figure 2 and, as one would expect, benzene adsorption was much lower on the modified silicas relative to the bare silica because of the substitution and shielding of surface silanol groups. The very low adsorption values exhibited by polyfluoroalkylsilicas may be explained by the remarkably low adsorption potentials of these materials. The shapes of the benzene adsorption isotherms demonstrate a high level of chemical homogeneity for all the modified samples studied, thereby indicating that any unmodified areas on the surfaces of the modified silicas and any residual silanol groups which may be present in a small amount are effectively shielded.
The same conclusion is reached from an analysis of the IR spectra of the polyfluoroalkylsilicas depicted in Figure 3 . Such spectra show no bands over the spectral range 3740-3750 cm -1 which may be attributed to the stretching vibrations of the silanol groups (Kiselev and Lygin 1972) . Instead, poorly resolved broad bands occur at 3650-3550 cm -1 which may be assigned either to inner silanol groups or to hydrogen-bonded silanols or to those shielded by grafted groups. The absence of bands at ca. 4550 cm -1 corresponding to a combination of stretching and out-of-plane bending vibrations for SiOH groups is in good agreement with the conclusions of Kiselev and Lygin (1972) as stated above. Two sets of bands at 2970-2850 cm -1 and 4500-4300 cm -1 belong to -CH 2 -stretching, -CH 3 and -CH< combinations of stretching and bending vibrations. In addition, the IR spectra demonstrate the virtually complete absence of adsorbed water in the samples studied. Hence, the results of IR studies demonstrate that modification of the silica surface with polyfluoroalkyl groups leads to the complete disappearance of those silanols which are responsible for the hydrophilic nature of the silica surface.
As mentioned above (Table 3 ) and in our previous papers (Roshchina et al. , 1999 ) sorbate molecules can penetrate grafted layers during GC studies. Thus, GC is one of the most sensitive techniques for investigating residual surface heterogeneity. The thermodynamic GC characteristics relating to the adsorption of aromatic hydrocarbons are listed in Table 4 , from which it will be seen that the retention volumes of benzene and alkylbenzenes decreased sharply on modified silicas relative to the situation on bare silica. In accordance with the adsorption measurements, the lowest retention volumes for benzenes were found on polyfluoroalkylsilicas. Furthermore, the use of GC also enabled the twofold reduction of the retention volumes with decreasing polyfluoroalkyl group length (C 6 F 13 and C 3 F 7 ) to be established. This suggests that the retention of both aromatic compounds and n-alkanes is determined by the energy of their dispersion interaction with grafted groups thereby illustrating the high density level and homogeneity of the monolayer concerned. At the same time, the heats of adsorption of most aromatic compounds on polyfluoroalkylsilicas are close to those on the alkylsilicas. The same correlation exists between the retention volumes and the sorption heats for the methylsiloxane stationary phase OV-1 and the polymethylfluoroalkylsiloxane stationary phase OV-210. The retention volume is probably a more sensitive characteristic of surface-aromatic hydrocarbon interaction than the heat of sorption for modified silicas in the same way as the sorption entropy is of great importance in such systems.
It should be noted that only in the alkylsilicas are the values of DS 0 calc and DS 0 for benzene quite close to each other (Table 3 ). An increase in polarity (as occurs in passing to silica and from thence to polyfluoroalkylsilicas) and an increase in the molecular mass of the adsorbate leads to an increasing difference between these two quantities.
The contribution of the dispersion and specific interactions towards the adsorption values can be estimated by calculating the relative retention volumes, V rel , for pairs of substances with similar polarizabilities, the benzene-hexane pair providing a conventional case (Kiselev and Lygin 1972; Roshchina et al. 2001) . A sharp reduction in the benzene retention volumes, V a , and an increase in the benzene relative retention volumes, V rel , occurs on passing from alkylsilicas to polyfluoroalkylsilicas or from methylsiloxane to fluoroalkylsiloxane as the stationary phase (Table 4) . As a consequence, an increase in the relative polarity occurs in the same sequence. The same result is obtained from a comparison of the benzene and hexane adsorption values at low surface coverage (P/P s » 0.1). Probably, the introduction of fluorine atoms into the materials, with a consequent reduction in all types of intermolecular interactions, has a dramatic influence on the contribution of dispersion interactions to the adsorption process. Hence, the estimation of the adsorption potential of a material by adsorption measurements or GC techniques leads to results that are in good agreement with each other. However, GC data can provide more detailed information on the nature of intermolecular interaction even if the same set of test compounds is employed.
The thermal stability of a material is of interest from the viewpoint of its subsequent use. Analysis of the thermal stability of the polyfluoroalkylsilica sample t-C 6 F 13 was undertaken by GC methods, /g), at 373 K on the temperature of preliminary treatment of the polyfluoroalkylsilica t-C 6 F 13 : 1, benzene; 2, diethyl ether; 3, acetonitrile; 4, nonane.
the adsorption properties of this material having been discussed elsewhere (Roshchina et al. 1999) . The sample was heated in a nitrogen flow at a constant temperature within the range 420-580 K for 10 h and then the GC retention volumes for test sorbates including n-alkanes and alkylbenzenes were determined at 373 K. As shown in Figure 4 , the adsorption properties of the polyfluoroalkylsilica were reproducible up to 523 K in an inert atmosphere. Above this temperature, the peak symmetry decreased sharply while the retention volumes increased, particularly for the n-alkanes, with the values of the retention volumes remaining the same even when measured after a further two years. Analysis of the carbon content (W C = 2.6%) showed that if it was assumed that the distribution of modifier on the silica surface remained unchanged, the length of the grafted chains decreased by approximately three carbon atoms. In order to explain this fact, the following scheme is proposed:
At ca. 523 K The loss of a polyfluorinated radical occurs with the formation of a tertiary radical such as: -Si(CH 3 ) 2 -(CH 2 ) 3 -C(CF 3 ) 2
After two years Formation of an arched structure such as:
--Si(CH 3 ) 2 -(CH 2 ) 3 -C(CF 3 ) 2 ½ --Si(CH 3 ) 2 -(CH 2 ) 3 -C(CF 3 ) 2 occurs with bonds between neighbouring fluoroalkyl groups.
Hence, the polyfluoroalkyl modifier can be recommended for the preparation of a heat-resistant covering which is both super-oleophobic and super-hydrophobic in nature.
